Abstract In nembutalized cats intracellular potentials were recorded from hypoglossal motoneurons innervating either protruder or retractor muscles of the tongue (protruder and retractor motoneurons : P-Mns and R-Mns). Responses to stimulation of the hypoglossal nerve were explored and found to consist of an antidromic spike followed by an afterhyperpolarization (AHP) and a postsynaptic potential (PSP). When hypoglossal nerve stimulation was made with an intensity three times as large as the threshold for the hypoglossal motor fibers, the PSPs became evident under blockage of soma-dendritic invasion of the antidromic spike. In most of P-Mns or R-Mns, the PSPs were IPSPs, independent of the side of peripheral stimulation. The latencies were about 12 msec. Even when the cell membrane was hyperpolarized by injecting a hyperpolarizing current of up to 16 nA, the reversal point of the IPSP was difficult to find. In a small fraction of hypoglossal motoneurons the PSPs to hypoglossal nerve stimulation were EPSPs with latencies of 10 to 12 msec.
Recording intracellular potentials from hypoglossal motoneurons in rats, LODGE et al. (1973) observed that spontaneous discharges of hypoglossal motoneurons were depressed for about 20 msec after single shock stimulation of the ipsilateral hypoglossal nerve. They interpreted such discharge depression as due to afterhyperpolarization (AHP) of the hypoglossal motoneurons following the antidromic excitation. However, there is a possibility that the depression of the hypoglossal motoneurons following hypoglossal nerve stimulation would be caused by inhibitory postsynaptic potentials (IPSPs), because GREEN and NEGISHI (1963) and PORTER (1965) reported that IPSPs could be recorded from hypoglossal motoneurons by stimulating the hypoglossal nerve (hypoglossus-induced IPSPs of hypoglossal motoneurons). However, interpretation of the origin of the hypoglossus-induced IPSPs has not yet been settled; Green and In the present experiments it was confirmed that antidromic excitation of the hypoglossal motoneurons caused by single shock stimulation of the hypoglossal nerve was followed by the AHP and the IPSP, the latter being masked by the former under the condition of an ordinary membrane potential. The purpose of the present paper is to present evidence suggesting that the hypoglossus-induced
IPSPs of the hypoglossal motoneurons are induced by afferent fibers contained in the hypoglossal nerve.
METHODS
Adult cats weighing 2.5 to 3.5 kg were used. They were anesthetized with Nembutal (30 mg/kg i.p.). In some cases the cats were decerebrated and decerebellated, but in most cases a small caudal part of the cerebellum was sucked out in order that a micropipette could penetrate into a hypoglossal motoneuron. Usually pneumothorax was performed. These operated cats were immobilized by intravenous injection of Flaxedil and respiration was maintained artificially.
Sleeve electrodes were used to stimulate the cut central ends of bilateral hypoglossal nerves and the ipsilateral lingual nerve. The hypoglossal nerve of the cat divides into the medial and lateral branches. The fibers of the medial branch are distributed in protruder muscles (P-fibers) and those of the lateral branch in retractor muscles (R-fibers). Both branches of the hypoglossal nerve were prepared for stimulation.
For intracellular recording glass micropipettes filled with 2 M K-citrate were used. Electrode resistance was between 15 and 20 MQ . Postsynaptic potentials (PSPs) were recorded by the aid of a direct-coupled amplifier. A conventional electronic apparatus was used for intracellular current injection with simultaneous recording of the membrane potential.
RESULTS

I. Afterpotentials following the antidromic spike potential
Hypoglossal motoneurons can be divided into two groups ; one, tongue protruder motoneurons (P-Mns) and the other, tongue retractor motoneurons (R-Mns).
Hyperpolarizing potentials following the antidromic spike (afterpotentials) are produced in both the P-Mns and the R-Mns by stimulation of P-and Rfibers, and are demonstrated in Fig. 1A and B. In A afterpotentials are shown A-1, SD spike evoked in a P-Mn by antidromic stimulation of the ipsi-P; A-2, PSP of a depolarized P-Mn.
The PSP (arrow) was a hyperpolarizing response.
The 1st spike is an antidromic spike and the 2nd a spontaneous one. B: PSP of a R-Mn. B-1, SD spike of a R-Mn by stimulation of the ipsi-R; B-2, PSP of a depolarized R-Mn. C: hypoglossus-induced IPSP in a P-Mn. The antidromic spike was blocked by an antecedent action potential directly elicited by passing a brief DP pulse. From C-1 to C-4 the interval between the brief DP pulse and the antidromic stimulus to the ipsi-P was reduced. A hypoglossus-induced IPSP was elicited in this P-Mn with a latency of 12 msec (C-4, arrow).
D: hypoglossus-induced IPSP in the R-Mn.
The antidromic spike was preceded by an antecedent direct spike elicited by a brief DP pulse (D-1). When the antidromic stimulus followed the direct stimulus at a short interval, the antidromic stimulus produced only an IS component and an IPSP (D-2, arrow).
following the antidromic spike recorded from two different P-Mns (1 and 2) after stimulation of the ipsilateral P-fibers (ipsi-P). As shown in A-1, since the AHP follows the antidromic spike, identification of the PSP set up by a hypoglossal nerve afferent volley is difficult. However, in a P-Mn (A-2) a hyperpolarizing PSP could be seen as indicated by an arrow, since this neuron was slightly depolarized by penetration of the micropipette. In this record the first spike is an antidromic spike and the second a spontaneous one.
In Fig. 1B are the responses of two different R-Mns (1 and 2) to stimulation of the ipsilateral R-fibers (ipsi-R). In B-1 no PSPs could be seen because they were masked by the AHP, but in a depolarized R-Mn (B-2) a large hyperpolarizing potential following the spike was obtained by a single shock of the ipsi-R. In this record the top of the spike is truncated for demonstrating the PSP with a high amplification.
II.
AHPs in the hypoglossal motoneurons Properties of the AHP in the P-Mns were explored and the results are shown in Fig. 2 . Record A-1 shows an antidromic spike of a P-Mn and record A-2 isolation of the IS component from the SD component by repetitive stimuli of the ipsi-P. In the first step, summation of the AHP was examined by using a short train of antidromic stimuli at 5-msec intervals (record B of Fig. 2 ). The intensity of stimulation of the ipsi-P was adjusted so as to be just sufficient to evoke the antidromic spike in the P-Mn. As illustrated in the figure the summated AHP increased in amplitude with increase of the number of spikes (B-1 to B-6). In the graph of Fig. 2C the AHP amplitudes are plotted against the number of spikes. It is seen that the AHP amplitude increases linearly until the number of antidromic spikes increases up to 4 and thereafter it ceases to increase despite a further increase of the spike number. Passing a steady hyperpolarizing current (HP current) across the membrane, the dependency of the AHP on the membrane potential was tested. Sample records are shown in Fig. 2D ; the AHP was the one that followed three antidromic spikes separated by 5 msec and the injected current was increased up to 12 nA. By increasing the amount of HP current, the AHP amplitude was correspondingly decreased. Finally, the antidromic spike was blocked by injection of a 12 nA HP current. The effects of great hyperpolarization of the membrane were difficult to examine, partly due to blockage of soma-dendritic invasion of spike, or partly due to the anomalous rectification of the membrane.
III. PSPs in the hypoglossal motoneurons HANSON and WIDEN (1970) reported that the afferent fibers in the hypoglossal nerve are myelinated but of small caliber. It is expected that PSPs are added to the AHP only when strong stimuli are applied to the hypoglossal nerve. In order to examine this point the following experiments were performed (Fig. 3A) . b-1, a large hyperpolarizing potential produced by stronger stimulation of the ipsi-P; b-2, decrease of the large hyperpolarizing potential by injection of a 7 nA HP current. c-1, a summated AHP; c-2, decrease of the amplitude of the summated AHP by injection of a 5 nA HP current . When a 5 nA HP current was injected, strong stimulation of the ipsi-P produced a large hyperpolarizing potential and the 3rd antidromic stimulus caused only an IS spike (c-3). At this membrane potential level the PSP produced by ipsi-L stimulation was a hyperpolarizing potential (b-4). B: PSPs of a depolarized P-Mn.
B-a, antidromic spike; B-b, depression of spontaneous discharges by a large hyperpolarizing potential following the antidromic spike.
In a-1 is shown a summation of the AHPs in a P-Mn produced by three shocks to motor fibers of the medial branch of the hypoglossal nerve. The interspike interval was 9 msec and the shock intensity was just liminal for the antidromic invasion. By injection of a 5 nA steady HP current into this cell , the AHP amplitude was decreased as illustrated in a-2. In b, the stimulus intensity applied to the ipsi-P was increased to three times the threshold for the motor fibers ; a high hyperpolarizing potential resulted (b-1), and it was decreased by injection of a 7 nA HP current (b-2). From this experiment it is indicated that stimulation of highthreshold afferent fibers in the hypoglossal nerve produces a hyperpolarizing potential in the hypoglossal motoneurons.
The records of A-c taken with a high amplification finally indicate that stimulation of the ipsi-P elicites PSPs in the P-Mns. In c-1 is shown a summated AHP. When the membrane was hyperpolarized by injection of an HP current, the AHP following the antidromic spikes was diminished (c-2). When the stimulus intensity for the ipsi-P had grown to this membrane potential level, afterpotentials again appeared with a large amplitude after the antidromic spikes (c-3). It is noted that the 3rd antidromic stimulus caused only the IS spike due to membrane hyperpolarization resulting from a summation of afterpotentials following the 1 st and 2nd antidromic spikes. This indicates that the equilibrium potential of the PSP set up by hypoglossal nerve stimulation is more negative than that of the AHP. At this membrane potential level stimulation of the ipsilateral lingual nerve (ipsi-L) gave the IPSP as a hyperpolarizing potential (c-4).
To reveal PSPs produced in the hypoglossal motoneurons by stimulation of afferent fibers in the hypoglossal nerve, attempts were made to block the antidromic spike so as not to cause the AHP which masks the PSP. In the experiments of Fig. 1C and D the antidromic spike of a P-Mn was preceded by an action potential directly elicited by applying a brief depolarizing pulse (DP pulse) through the recording micropipette (Fig. 1C) . From record C-1 to C-4 the interval between a brief DP pulse and an antidromic stimulus applied to the ipsi-P was changed. When the antidromic volley followed the direct stimulus at a short interval, there was separation of the IS component from the SD component (C-3). At an interval of 2.5 msec it was noted that a slow hyperpolarizing potential was elicited with a latency of 12 msec (C-4, arrow). Since in this case the antidromic spike was blocked, it is concluded that the observed hyperpolarizing potential is the PSP.
Under blockage of soma-dendritic invasion of the antidromic spike, the PSP in the R-Mn set up by stimulation of the ipsi-R was examined in Fig. 1D . In D-1 an antidromic spike in a R-Mn was preceded by a spike directly elicited by a brief DP pulse. When the interval between the brief DP pulse and the antidromic volley was made short, the ipsi-R antidromic stimulus failed to produce the SD spike and elicited only the IS spike (D-2). In this record the latency of the PSP produced in the R-Mn by ipsi-R stimulation was 12 msec measured from shock artifact to the onset of PSP denoted by an arrow.
In depolarized P-Mns the PSP set up by stimulation of the ipsi-P is seen as a hyperpolarizing potential as shown in Fig. 3B . In B-a there is a long-lasting afterpotential following an antidromic spike. When B-b was recorded, this cell was further depolarized so that there were spontaneous discharges. A single shock to the ipsi-P produced a large hyperpolarizing potential following an antidromic spike, and during this PSP the spontaneous discharges were depressed (B-b). It is suggested from this finding that in the hypoglossal motoneurons the PSP caused by stimulation of the hypoglossal nerve is an IPSP.
IV. Effects of membrane polarization on the hypoglossus-induced IPSP
A relation between the amplitude of the hypoglossus-induced IPSP and the membrane potential was examined in Fig. 4 . In a-1 an antidromic spike elicited in a P-Mn by a single shock of the ipsi-P with an intensity three times the threshold for motor fibers is shown; in a-2 the response of this neuron to three antidromic stimuli at 10-msec intervals appears. In b, afterpotentials of a P-Mn caused by three shocks to the ipsi-P (series b-1) and IPSPs of the same P-Mn produced by three shocks to the ipsi-L (series b-2) were recorded at various levels of the membrane potential. The numerals attached to each record indicate the strength of HP current passing through the membrane. In the first record of series b-1 (0 nA), a large hyperpolarizing potential was elicited after triple shocks to the ipsi-P at 10-msec intervals. Increasing the amount of the HP current to 6 nA, the 3rd antidromic stimulus failed to produce the spike, and at the membrane potential maintained with a 7 nA current both the 2nd and 3rd spike were also blocked. When a 9 nA HP current flowed, there was blockage of soma-dendritic invasion of all antidromic spikes. It is noted that the amplitude of the afterpotential is decreased with increase of the amount of injected HP current. Even when the membrane was hyperpolarized with an HP current as strong as 10 nA, the reversal of the hypoglossus-induced IPSP was not evident. Although the hyperpolarizing current was increased to 16 nA, reversal of the hypoglossus-induced IPSP was not shown. This was in striking contrast to the IPSP produced by lingual nerve stimulation (series b-2). In the membrane hyperpolarized with a 7 nA HP current the IPSP produced by lingual nerve stimulation was found to be reversed in polarity.
When a stronger HP current passed across the membrane, the reversed IPSP grew as shown in the two lowermost records of b-2.
V. EPSPs in the hypoglossal motoneurons
In some P-Mns, stimulation of the ipsi-P was found to produce an EPSP.
In order to measure the latency of this EPSP the following study was performed.
In Fig. 5A are shown the results obtained from a hyperpolarized P-Mn. Without A : EPSPs obtained from a hyperpolarized P-Mn. Numerals indicate amounts of injected HP current in nA. Without current injection (0 nA) a small depolarizing potential is seen (arrow). Stimulation of the ipsi-P produced only an EPSP at the membrane potential level maintained by injection of a 12 nA HP current. B: hypoglossus-induced EPSPs. a-1, antidromic spike of a P-Mn; a-2, double shock stimulation of the hypoglossal nerve. In the second response only an IS component was produced.
When the stimulus intensity for the ipsi-P had grown, an orthodromic spike was produced (b-1). By stronger stimulation two orthodromic spikes were produced (b-2). The first spike was an antidromic spike. C, D and E: synaptic linkage of hypoglossal afferents to hypoglossal motoneurons.
C-1, antidromic spike of a P-Mn; C-2, same as in C-1, but with a high amplification; C-3, IPSP produced in a P-Mn by ipsi-R stimulation.
D-1, antidromic spike of a R-Mn; D-2, same as in D-1, but with a high amplification; D-3, IPSP produced in a R-Mn by ipsi-P stimulation.
Ea-1, antidromic spike of a R-Mn; Ea-2, IS-SD block by repetitive stimulation of the ipsi-R. Responses of a R-Mn to stimulation of the ipsi-P at 1 Hz (Eb-1) and 10 Hz (Eb-2) are shown. Responses of a neuron to stimulation of the contralateral P-(Eb-3) and R-fibers (Eb-5) at 10 Hz are shown.
EPSPs of long latency were produced by ipsi-R stimulation (Eb-4). In this case the ipsi-R stimulus evoked only an IS spike, because the neuron had been depolarized. current injection (0 nA) a small depolarizing potential indicated by an arrow was seen to occur after the antidromic spike. Both the antidromic spike and the PSP increased in size with increase in the amount of injected HP current. At the membrane potential level maintained with a 12 nA HP current, stimulation of the ipsi-P produced an EPSP without being preceded by the antidromic spike, the latter being blocked by hyperpolarization of the soma-dendritic membrane. In this record the latency of the EPSP measured 12 msec. As already noted, the reversal of the hypoglossus-induced IPSP was not evident when the membrane was hyperpolarized (series b-1 of Fig. 4) . From this finding it is suggested that the observed depolarizing potential is an EPSP.
Another example of the EPSP of the P-Mns produced by stimulation of the ipsi-P is shown in Fig. 5B . In a-1 is the response of a P-Mn to stimulation of the ipsi-P. When double shocks were applied to the ipsi-P with a shock interval of 3.5 msec and with a liminal intensity for antidromic invasion, the 2nd antidromic stimulus produced only an IS component (a-2). In b, the ipsi-P was stimulated with a single shock with an intensity much higher than the threshold for antidromic invasion. In this case, the antidromic spike was followed by an orthodromic spike (b-1). Upon further increasing the stimulus intensity, the antidromic spike was followed by two successive orthodromic spikes (b-2).
VI. Synaptic linkage of the hypoglossal nerve afferents to the hypoglossal motoneurons
The following experiments revealed that stimulation of both ipsi-P and ipsi-R produces the IPSP in most of the P-Mns and the R-Mns. The results are shown in Fig. 5C and D. In C-1 the antidromic spike of a P-Mn by an ipsi-P stimulus is shown and in C-2 it is recorded with a high amplification. In this P-Mn a single shock of the ipsi-R produced an IPSP with a latency of 10 msec (C-3). As in the P-Mns, PSPs were evoked in the R-Mn by stimulation of the ipsi-P (Fig. 5D ). In D-1 an antidromic spike of a R-Mn is shown and in D-2 an afterpotential of this R-Mn is shown with a high amplification. When the ipsi-P was stimulated, an IPSP with a latency of 10 msec was produced (D-3).
In some of the R-Mns the EPSP was produced when the ipsi-P was stimulated (Fig. 5E) . In a-1 there is an antidromic spike of a R-Mn and in a-2 separation of the IS-from the SD component by repetitive stimuli of the ipsi-R is seen. When the ipsi-P was stimulated at 1 Hz, this R-Mn responded with an EPSP of long latency (b-1), and the latency of the EPSP was shortened (13 msec) at 10 Hz stimulation of the ipsi-P (b-2). In this neuron, stimulation of the contralateral P-fibers at 10 Hz caused an EPSP (b-3) but no remarkable PSPs were produced by stimulation of contralateral R-fibers (b-5). When the ipsi-R was stimulated, small EPSPs of long latency were produced (b-4). In this case the ipsi-R stimulus evoked only the IS spike because the neuron had been depolarized. S. FUJITA, and E. SHOHA RA
DISCUSSION
In spinal motoneurons (COOMBS et al., 1955; ITO and OSHIMA, 1962) , pyramidal tract cells (TAKAHASHI, 1965) and dorsal spinocerebellar tract neurons (GUSTAFSSON et al., 1971) it was found that the AHP amplitude increases with increase of number of spikes. ITO and OSHIMA (1962) and GUSTAFSSON et al., (1978) suggested that the AHP is caused by a conductance increase of the membrane, presumably to potassium ion. In the present study, it was found in the hypoglossal motoneuron that with increase in number of antidromic spikes the AHP amplitude linearly increases up to a certain level. After the membrane potential had been displaced to the equilibrium potential of AHP by injection of an HP current, stronger stimulation of the ipsi-P produced a hyperpolarizing potential in the P-Mn. This result indicates that the equilibrium potential of the hyperpolarizing potential elicited in the P-Mn by ipsi-P stimulation is more negative than that of the AHP.
Large hyperpolarizing potentials were produced in the hypoglossal motoneurons by stimulation of the hypoglossal nerve under blockage of the somadendritic invasion of the spike and spontaneous discharges of the hypoglossal motoneurons were depressed during this large hyperpolarizing potential. These results indicate that the hyperpolarizing potential produced in the hypoglossal motoneurons by stimulation of the hypoglossal nerve is the IPSP. With intracellular recording from the hypoglossal motoneurons, GREEN and NEGISHI (1963) suggested that IPSPs produced in hypoglossal motoneurons by strong stimulation of the hypoglossal nerve could be caused by axon collateral influences on these motoneurons. However, in the present study no synaptic potentials could be identified in either P-or R-Mns by stimulation of the hypoglossal nerve at the threshold-stimulus for motor fibers. From the finding that an IPSP was produced by stimulation of the hypoglossal nerve with an intensity three times the threshold for motor fibers, it is suggested that an IPSP produced in the hypoglossal motoneurons by stimulation of the hypoglossal nerve may derive from activation of high-threshold afferent fibers in the hypoglossal nerve.
From the result that afferent impulses can be recorded from filaments of the medial branch of the hypoglossal nerve on stretching the tongue, COOPER (1954) and FLOM (1960) suggested that such filaments could be anastomotic branches from the lingual nerve. Furthermore, PORTER (1965 PORTER ( , 1966 also presumed that synaptic potentials produced in hypoglossal motoneurons by stimulation of the hypoglossal nerve may derive from spread of the stimulating current to lowthreshold afferent fibers in the lingual nerve. However, MORIMOTO et al. (1968) and reported that the latency of the IPSP produced in the hypoglossal motoneurons by lingual nerve stimulation was about 4.5 msec. The present study revealed that stimulation of the hypoglossal nerve evoked an IPSP in both the P-and R-Mns with a latency of about 12 msec. From these results it is concluded that the IPSP elicited in the hypoglossal motoneurons by hypoglossal nerve stimulation is caused by impulses of afferent fibers in the hypoglossal nerve.
In strychninized cats it was found that stimulation of the hypoglossal nerve produces a hyperpolarizing potential in the hypoglossal motoneurons (MORIMOTO and KAWAMURA, 1972; TAKATA and OGATA, 1975) . In a preliminary report, TAKATA and OGATA (1975) reported that the IPSP produced in the P-Mn by hypoglossal nerve stimulation in strychninized cats was insensitive to a large hyperpolarization of the cell membrane. The present experiment also revealed that reversal of the hypoglossus-induced IPSP was not observed even when the membrane potential was displaced to a large hyperpolarization by injection of a 16 nA HP current. This result suggests that the inhibitory synapses made by afferent fibers in the hypoglossal nerve with the hypoglossal motoneurons are located on distal portions of the dendrites.
In most of the P-and R-Mns the PSP produced by stimulation of the ipsi-P or the ipsi-R was the IPSP, but in a small group of the motoneurons the EPSP was obtained. In P-Mns responding with an IPSP to stimulation of the ipsi-P, stimulation of the ipsi-R produced an IPSP. Moreover, in R-Mns responding with an EPSP to ipsi-R stimulation ipsi-P stimulation produced an EPSP. No reciprocal innervation pattern was found in the hypoglossal motoneurons. The finding that stimulation of the hypoglossal nerve produced an EPSP or an IPSP in hypoglossal motoneurons with a latency of 10 to 12 msec indicates that afferent fibers in the hypoglossal nerve connect with hypoglossal motoneurons via a polysynaptic pathway.
